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The recently reported high spectral efﬁciency (SE) and high-baud-rate signal transmission are all based
on digital coherent optical communications and digital signal processing (DSP). DSP simpliﬁes the re-
ception of advanced modulation formats and also enables the major electrical and optical impairments to
be processed and compensated in the digital domain, at the transmitter or receiver side. In this paper, we
summarize the research progress on high-speed signal generation and detection and also show the
progress on DSP for high-speed signal detection. We also report the latest progress on multi-core and
multi-mode multiplexing.
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The rapidly increasing data trafﬁc nowadays has aroused ur-
gent demands for higher spectral efﬁciency (SE), higher speed and
higher capacity in optical communication systems [1–37]. To fur-
ther improve the transmission speed and system capacity, re-
searchers have proposed approaches concerning multi-level
modulation formats and various multiplexing techniques, includ-
ing frequency-division multiplexing (FDM) [5,6], time-division
multiplexing (TDM) [7–11], polarization-division multiplexing
(PDM) and spatial-division multiplexing (SDM) [25–37]. Recently,Telecommunications. Production
d/4.0/).
g University of Posts and100 G based on coherent detection is being widely deployed.
400 G or 1 T per channel on a single optical carrier is an attractive
solution in future networks, since it can reduce the complexity and
cost of the transmitter and receiver, pushing the boundaries of
opto-electronic devices and modules [1–11]. It is usually the op-
timal scheme by utilizing the highest feasible electronic multi-
plexing rates with the lowest possible number of subcarriers, since
optical modules typically dominate transponder costs [6–11]. Two
viable options for high baud rate signal generation are always
considered, one is based on FDM [5,6], and the other on TDM [7–
11]. For the FDM method, the baud rates of OFDM signals gener-
ated by electrical methods are restricted by the processing speed
of electrical devices, such as the digital to analog converter (DAC).
Recently, OFDM with high-order modulation formats and high
baud rates has been widely investigated, using all-optical OFDM
signal generation [5]. As reported in [5], a 26 Tb/s line-rate super-and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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using 16QAM and coherent detection. To generate the high-baud-
rate signals, a multiple spectral slices synthesis multiplexing
technique is also recently proposed based on the transmitter side
digital signal processing (DSP) [6]. However, it requires complex
DSP operations for spectral slices operation and baseband down
conversions. TDM is another effective method for high-baud-rate
signal generation, and it can be divided into two major categories,
Electrical-TDM (ETDM) [7–11] and all-Optical TDM (all-OTDM)
[12–18]. As reported in [7–11], single-wavelength all-ETDM 107-
GBaud and 110-GBaud signals are successfully generated and
transmitted as the highest ETDM baud rates. The ETDM signals at
these high symbol rates show considerable implementation pe-
nalties due to electro-optical bandwidth limitations of the multi-
plexer and optical modulator [7–11]. Optical TDM, on the other
hand, based on much lower speed optical transmitters, relaxes the
bandwidth requirement of each electrical/optical device [12–18].
It is worth noting that the aforementioned high SE and high-
baud-rate signal transmissions are all based on digital coherent
optical communications and DSP, which has been proved to be a
great success in the last decade [1–18]. The most interesting thing
is that coherent optical communication itself is not a new tech-
nology, and people have already made the research since 40 years
ago [19–22]. The early stage of the work is not accepted by the
industry due to the complexity of phase, frequency and polariza-
tion tracking requirements. Nowadays, with the appearance of
high speed DSP devices, it has revolutionized the optical com-
munication for high speed, high capacity and long-distance
transmission after a long stagnation during the time of intensity
modulation and direct detection (IM/DD) [7–11,23,24].
DSP for a high speed optical signal becomes possible due to the
development and maturation of high speed DAC, analog to digital
converter (ADC) and application speciﬁc integrated circuits (ASIC),
which moves the complexity of phase, frequency and polarization
tracking into the digital domain using different algorithms [20,21].
Therefore, it simpliﬁes the reception of advanced modulation
formats (i.e., QPSK, 16QAM and 64QAM so on) and also enables the
major electrical and optical impairments (bandwidth limitation,
chromatic dispersion, polarization mode dispersion, and ﬁber
nonlinear impairments) to be processed and compensated for in
the digital domain, at the transmitter or receiver side. Recently, the
DSP based coherent optical communication system has become
one of the most active research topics, and it is a promising
technology for future high SE and high speed transmission. On the
other hand, multiplexing techniques including Wavelength Divi-
sion Multiplexing (WDM), PDM, TDM, and Spatial Division Mul-
tiplexing (SDM) methods, such as Mode Division Multiplexing
(MDM), multi-core ﬁber multiplexing and Laguerre-Gaussian (LG)
beam carrying Orbital Angular Momentum (OAM) modes, are also
considered as promising solutions to improve the capacity and SE
further [25–37].Fig. 1. High-baud-rate signal generation by frequency-division or tiThe remainder of this paper is organized as follows. Section 2
summarizes the research progress on high-speed signal genera-
tion and detection. Section 3 shows the progress on DSP for high-
speed signal detection. Section 4 reports the latest progress on
multi-core and multi-mode multiplexing. Section 5 is the
conclusion.2. High-speed signal generation and detection
Fig. 1 shows two options for high-baud-rate signal generation,
one is based on FDM [5,6], and the other is based on TDM [7–11].
The FDM method includes the recently reported all-optical OFDM
and multiple spectral slices synthesis multiplexing technique.
TDM is another effective method for high-baud-rate signal gen-
eration, which is divided into two major categories, ETDM or all-
OTDM [7–18]. In this section, we will present the recent progress
on high-baud-rate signal generation based on the ETDM and
OTDM methods.
Fig. 2 shows the electrical signal symbol rate reported based on
the ETDM method used in the recent years. Our recent experi-
mental demonstration of the coherent transmission system, with a
high symbol rate using up to 110-GBaud PDM-QPSK signals on a
100 GHz grid, reported in 2014 [10], is still among the top records.
In our work, the single channel bandwidth is suppressed by using
the super-Nyquist-ﬁltering technology on a 100-GHz optical grid.
The 100-GHz-grid, 20 channels single-carrier 440-Gb/s super-Ny-
quist 9-QAM-like signals are successfully transmitted over a 3600-
km Ultra-Large effective-Area Fiber (ULAF) with a high net SE of
4 b/s/Hz (after excluding the 7% hard-decision FEC overhead).
Experimental results demonstrate the high ﬁltering-tolerant per-
formance of the 9-QAM-like super-Nyquist signal. In this work, 10
channels 440-Gb/s signals are successfully transmitted over 3000-
km ULAF and 10 cascaded ROADMs with 100-GHz-grid based on
the single-carrier ETDM 110-GBaud QPSK. A real-time oscilloscope
at 160-GSa/s sampling rate with 65-GHz bandwidth is used for the
coherent detection of 110-GBaud PDM-QPSK. Multi-modulus
equalizations are used in the receiver side DSP [38–44].
Fig. 3 shows the experimental setup of the 20-channel, 100 GHz-
grid, 440-Gb/s single-carrier super-Nyquist ﬁltering 9-QAM-like sig-
nal generation and transmission based on a 110 GBaud PDM-QPSK
[10]. Two stages ETDM with 4:1 and 2:1 electrical multiplexers
(Muxs) are used for the generation of the two pairs of 110-GBaud in-
phase (I) and quadrature (Q) data signals from the four-channel
13.75 GBaud pseudo-random binary sequence (PRBS) signals. The
output of the 4:1 MUX is with 500 mv-Vpp and the output of 2:1
MUX is with 300 mv-Vpp.The 4:1 MUX is a broadband multiplexer
module with 56 Gb/s working bitrate and 2:1 MUX is a 100-Gb/s
broadband multiplexer module. Two I/Q modulators driven by the
generated 110 GBaud PRBS signals are used for the odd and even
channels independent modulations. Two integrated LiNbO3 dual-me-division multiplexing methods reported in previous works.
Fig. 2. The electrical signal symbol rate reported based on ETDM method reported
in recent years [10].
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width of 33 GHz. The total insertion loss is about 27 dB after the
modulation of the 110 Gb/s data from the 2:1 MUXs. The electrical
eye diagrams of the 55 and 110 GBaud binary signals are shown as
insets (a) and (b) in Fig. 3, respectively. The vertical scale of these two
eye-diagrams is 100 mv/div and the time scales of insets (a) and
(b) are 5 ps/div and 2 ps/div, respectively. The 9-QAM-like signals are
combined and ﬁltered by using a programmable wavelength selec-
tive switch (WSS) with a 100-GHz ﬁxed grid. The odd and even
channels are spectrally ﬁltered and the 3-dB bandwidth is about
94.8 GHz. Super-Nyquist channels can be obtained, since the channel
bandwidth is less than the signal symbol rate after the WDM
multiplexing.
The back-to-back BER results of the 440 Gb/s channel are
shown in Fig. 4(a) as a function of OSNR (0.1 nm resolution) under
different spectrum shaping ﬁlter bandwidths. The theoretical BER/
OSNR curve of the single channel 110 GBaud PDM-QPSK is also
plotted in Fig. 4(a) based on the additive white Gaussian noise
(AWGN). It shows that the required OSNR for the odd and even
sub-channels at the BER of 3.8103 (7% HD FEC limit) is about
22.5 dB/0.1 nm in the super-Nyquist WDM case, which shows 0.5-
dB OSNR penalty compared to the single-channel case after the
100 GHz-grid WSS. The single channel 110 GBaud PDM-QPSK has
about a 4-dB penalty for experimental implementation due to the
low-pass ﬁltering effects caused by the electrical and optical
components used compared with the theoretical curve. The error-
free constellation diagrams of the X and Y polarizations are shown
in insets (i) and (ii) in Fig. 4(a) recovered under the high OSNR
condition. The measured BERs of channel 4 versus the transmis-
sion distance ranging from 2400 km to 4000 km under the optimal
launch power are shown in Fig. 4(b). Results show that the mea-
sured BER of channel 4 after 3600-km transmission is 3.3103,
and it is below the 7% HD-FEC limit [10]. Insets (i) and (ii) in Fig. 4
(b) show the constellations of the received signal in X and Y po-
larization of channel 4 processed by the ﬁltering-tolerant 9-QAM
based three-stage equalization.Fig. 3. 110 GBaud QPSK signal generation, tranAlternatively, all optical method is considered as a promising
technique for high baud rate Nyquist signal generation [13–18]. As
reported in [13–15], high baud rate optical Nyquist signals can be
generated by modulating the orthogonal Time-Division Multiplexing
(orth-TDM) Nyquist pulse train, i.e. Periodic Sinc-Shaped Pulse
(PSSP). Zero Inter-Symbol Interference (ISI) between the different
TDM branches is guaranteed theoretically, since the nulls of the
PSSPs are arranged to coincide with the peaks of the adjacent time-
slot. As we know, the spectrum of a single Sinc-pulse is rectangular;
therefore, the spectrum of a Sinc-shaped pulse sequence is a fre-
quency-locked and ﬂat comb with linear phase. This has been re-
ported in recent works on orthogonal Sinc-shaped Nyquist pulse
train sources, using the Mode-Locked Laser (MLL) followed by a pulse
shaper in [13], or cascaded Mach–Zehnder Modulators (MZMs) dri-
ven by phase-locked sine waves in [15]. We have accomplished the
ﬁrst experimental demonstration of the 125-GBaud all-optical Ny-
quist QPSK signal generation and full-band signal coherent detection
with one receiver using this orth-TDM method [18]. Single channel
and single polarization back to back performances of 75- and 125-
GBaud all optical Nyquist signal is measured without WDM trans-
mission and the achieved roll-off factor is larger than 0.2 [18].
The basic concept of the time-frequency correspondence for
Sinc-shaped Nyquist pulses and the modulated Nyquist signals is
shown in Fig. 5(a), and the principle of PDM all-optical Nyquist
signal generation, modulation, multiplexing and full-band co-
herent detection is shown in Fig. 5(b). As analyzed in [15–18], a
promising way of Nyquist signal generation is based on these
combs and orthogonal optical time-division multiplexing (Oth-
OTDM). Fig. 5(a) shows an N-tone frequency-locked comb with
central frequency of f0 and carrier frequency-spacing of Δf. The
pulse repetition period is represented as T¼1/Δf. For an N-tone
frequency-locked comb with equal phase and amplitude, the time
domain optical signal is a periodic Sinc-shaped Nyquist pulse with
period of T. Therefore, the target is to generate a frequency-locked
optical comb with equal amplitude and linear-locked phase, in-
stead of shaping the Sinc pulses.
The Nyquist pulses are modulated and multiplexed in the time-
domain using the orth-OTDM method, after Sinc-shaped Nyquist
pulses generation. Fig. 5(b) shows the PDM compatible with the
orth-OTDM. Since the zero-crossing pulse duration is 2/(NΔf)¼
2T/N, the periodic Sinc-shaped Nyquist pulse sequence is then split
into N branches for independent modulation in each polarization
with an accurate delay of t¼nT/N and n¼0N1. Therefore each
pulse can be multiplexed to the zero-crossing time slots of the
adjacent pulses with zero ISI for each polarization state. A
modulated Nyquist signal with symbol rate of B ¼NΔf is obtained
after PDM and the pulses combination. Fig. 5 shows that the
spectrum of the modulated Sinc-shaped pulses is given by the
convolution of the frequency comb and the frequency re-
presentation of the modulating signal. In this way, the combined
signals are treated as one Nyquist signal for coherent detection
after ﬁber transmission.smission and coherent detection system.
Fig. 4. (a) The back-to-back BER results versus the OSNR for the 110 GBaud PDM-QPSK signals. (b) The BER performance of channel 4 versus the transmission distance.
Fig. 5. The basic concept and principle. (a) The time-frequency correspondence for sinc-shaped Nyquist pulses and the modulated Nyquist signals; (b) The principle of
polarization-multiplexed all-optical Nyquist signal generation, modulation, multiplexing, ﬁber transmission and full-band coherent detection.
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lized by one free-running CW LO working at the central frequency
of the comb, and it is simpler compared with the typical OTDM
receiver [18]. We use one receiver with wider bandwidth and
simpliﬁed structures instead of a large number of receivers of
smaller bandwidth. Therefore, the receiver-side LO should be a
strictly synchronized pulse source in order to get the right time
slot as shown in [18]. However, in our scheme, the digital domain
time demultiplexing with simple algorithms is enabled by the full-
band coherent detection with the DSP. Thus, the LO is commer-
cially available, free-running, CW-laser, and it is quite easy to
implement. One easily discovers the all-optical Nyquist signals
after the DSP with regular algorithms commonly used in coherent
system and digital time demultiplexing.Fig. 6. (a) and (g) are the sinc-shaped Nyquist pulses of 512.5 GHz and 525 GHz co
signals; (c) to (f) show the process of 62.5 GBaud Nyquist QPSK signal multiplexing; (i)The Sinc-shaped Nyquist pulses of 512.5 GHz and 525 GHz
combs are shown in Fig. 6(a) and (g); the eye-diagrams of 62.5-
GBaud and 125-GBaud Nyquist QPSK signals are shown in Fig. 6
(b) and (h); the processes of 62.5 GBaud Nyquist QPSK signal
multiplexing are shown in Fig. 6(c)–(f); Fig. 6(i) shows the optical
spectra of 62.5 GBaud and 125 GBaud Nyquist QPSK signals. The
optical spectrum of 75 GBaud Nyquist pulse before and after
modulation is shown in Fig. 7(a) and (b) shows the Sinc-shaped
Nyquist pulse of 325 GHz comb; the eye diagram of 75 GBaud
Nyquist QPSK signal is shown in Fig. 7(c). Fig. 7(d) shows the BER
performance of the generated all-optical Nyquist 62.5-, 75- and
125-GBaud QPSK signal measured as a function of the OSNR. There
is a 4-dB OSNR penalty for Nyquist 62.5- and 75-GBaud QPSK
signals compared with the theoretical BER curve, and there ismbs; (b) and (h) are the eye-diagrams of 62.5-GBaud and 125-GBaud Nyquist QPSK
is the optical spectra of 62.5-GBaud and 125-GBaud Nyquist QPSK signals.
Fig. 7. (a) The optical spectrum of 75 GBaud Nyquist pulse before and after modulation; (b) The sinc-shaped Nyquist pulse of 325 GHz comb; (c) The eye diagram of
75 GBaud Nyquist QPSK signal; (d) The BER performance of Nyquist 62.5, 75, and 125 GBaud QPSK versus OSNR.
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inaccurate time delay. We believe that better performance can be
achieved by the integrated signal generation and modulation
setup.3. Advanced DSP
3.1. Digital signal processing at the receiver-side
As we mentioned above, the high SE and high baud rate signal
processing requires an advanced DSP. In this section, we present
the recent progress in DSPs in digital coherent communication
systems. Fig. 8 shows the typical digital coherent receiver with a
DSP for signal equalization and recovery [20,21]. The optical signal
is coherently detected by a polarization and phase diverse hybrid
with a local oscillator, which converts the optical signals into
electrical signals with both in-phase and quadrature (I/Q) signals
in the X and Y polarizations after the balanced photo-detectors.
The electrical signals after the PDs are then sampled and digitized
by the ADCs and then processed by the DSP as shown in Fig. 8.
Generally, the DSP at the receiver side is divided into several sub-
systems or sub-units, and each of them is applied to handle one
speciﬁc impairment in the transmission link and transponders.
Ideally, the I and Q signals should be orthogonal to each other.
However, in practical systems, the I/Q signals are not orthogonal to
each other due to the imbalance between these two components.
These imbalances can be caused by bias drift, device defects of
modulators and PDs or power differences after the drivers. In or-
der to properly uncover the signals, I/Q imbalance compensation
should be applied ﬁrst to the digitized signals. This process can be
done by the Gram–Schmidt Orthogonalization Process (GSOP) al-
gorithm [22]. The GSOP creates a set of mutually orthogonalFig. 8. Typical digital signal processing at the receivervectors, taking the ﬁrst vector as a reference against which all
subsequent vectors are orthogonalized [20]. After that, the signals
are then processed by the linear signal process to electrically
compensate for the Chromatic Dispersion (CD). CD compensation
is realized at the receiver side in the frequency-domain or time-
domain [20,21]. In the time-domain, the required ﬁlter coefﬁcients
for the FIR can be obtained by the ﬁber CD transfer function using
either the frequency-domain truncation method or the time do-
main truncation method [21]. For short-distances, the time-do-
main method shows less complexity, however, for long-haul
transmission (over 1000 km), and Frequency-Domain Equalization
(FDE) based on Fast Fourier Transforms (FFT) shows less compu-
tation complexity.
The other impairments, such as the timing-offset caused by the
ADC are also compensated for in the digital domain, known as the
clock-recovery algorithms [45–47]. Several classical timing phase
estimation and recovery schemes can be successfully applied in
the coherent optical communication system, such as the square-
timing recovery [45], Gardener time recovery [46] and Godard
scheme [47]. After that, the following butterﬂy-conﬁgured four
adaptive equalizers are used for polarization demultiplexing,
channel equalization and also polarization-mode-dispersion
(PMD) compensation. The linear distortions caused by optical ﬁl-
tering effects in the link are also equalized by the time-domain
Finite-Impulse-Response (FIR) ﬁlters. Generally, T/2-spaced FIR
ﬁlters are used in the DSP and the ﬁlter coefﬁcients are adaptively
updated by using the Constant Modulus Algorithm (CMA) [48–50],
Cascaded Multi-Modulus Algorithm (CMMA) [51] or Decision-Di-
rected Least-Mean Square (DD-LMS) algorithm [52], depending on
the modulation formats used in the system. For QPSK signals, the
CMA-based scheme is mostly used in previous works, and CMMA
and DD-LMS are required for higher modulation formats for fur-
ther performance improvements, i.e., 16QAM and 64QAM. Results-side for coherent optical communication [20,21].
Fig. 10. The principle of the ﬁber nonlinear compensation based on digital back-
ward propagation (DBP) method.
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mances for high level modulation formats.
Finally, the carrier recovery is realized by two DSP sub-units,
Frequency-Offset Estimation (FOE) and phase recovery. Since most
phase recovery methods require the zero frequency offset, the FOE
is always carried out before the phase recovery. There are two
main algorithms for FOE, the ﬁrst is based on the differential phase
based methods [53,54], and the second is based on the spectral
methods using FFT spectra analysis [55]. The former is also known
as mth-power Viterbi–Viterbi algorithm for QPSK signals [53,54].
However, for high-level modulation formats, partitioning is re-
quired to improve the accuracy. The latter, on the other hand, is a
universal method for any modulation format [55]. Generally, there
are two major schemes for phase recovery. One is called feed-
forward method, known as mth-power Viterbi–Viterbi algorithm
and Blind-Phase Search (BPS) method, and the other is Decision-
Directed (DD) feed-backward method, such as the DD-Maximum
Likelihood (ML) method [53,56,57]. The Viterbi–Viterbi algorithm
method shows small computation complexity, however, the per-
formances for high level modulation formats are not good. Similar
to the FOE, partitioning is also required [56]. BPS is a universal
method for any modulation format, however, to have better per-
formance, the computation complexity increases with the increase
of the modulation levels [57]. Lots of discussion of complexity
reduction uses a hybrid method based on BPS, ML, and the Viterbi–
Viterbi algorithm [52].
As a demonstration and conclusion, Fig. 9 shows the simulation
results of 32 GBaud signals (QPSK, 8QAM and 16QAM) after a
1000-km transmission with basic DSP sub-units. Based on the DPS
sub-units, we observe the constellation recovery process after all
these algorithms. In the aforementioned simulation demonstra-
tion, the QPSK signals are processed based on CMA equalization,
while 8QAM and 16QAM are based on CMMA and DD-LMS. For
FOE and phase recovery, the QPSK signal is processed by 4th
power Viterbi-Viterbi algorithm, while 8QAM and 16QAM are
processed by frequency-domain FOE and BPS method.
Recently, NonLinear Compensation (NLC) by using DSPs has
become an attractive research topic, especially for long-haul high
speed coherent transmission system [58–62]. The Digital Back-
ward Propagation (DBP) method has been theoretically and ex-
perimentally investigated by using an improved NLSE for single
channel PDM systems in previous works [58–62]. It has demon-
strated that DBP, based on the Split-Step Fourier Method (SSFM), is
an effective way to compensate for the nonlinear effect, such as
Slef-Phase Modulation (SPM), Cross-Phase Modulation (XPM) and
Four-Wave Mixing (FWM) [58–60]. This is shown in Fig. 10 andFig. 9. The constellations of different signalsaccomplished by solving the Nonlinear Schrodinger
Equation (NLSE). However, results also show that a fully-re-
constructed multi-channel signal is required for better NLC per-
formance in a WDM system, where inter-channel nonlinear effects
exist [60,61]. Results in [61] demonstrate the multi-channel NLC
for a PDM WDM system by the DBP method. However, a constant
step-size is used in the above DBP techniques, and the step size is
equal in each SSFM computation. Therefore, the performance of
the NLC signiﬁcantly depends on the computational step-size or
step number in each span [58–62]. In this way, in order to reduce
the computations, one should reduce the number of DBP calcula-
tion steps per ﬁber span. Recently, the non-constant step size in
simulation is proposed to enhance the accuracy in the estimation
of the signal nonlinear distortions [63]. Results in our work show
that a logarithmic non-constant step-size distribution reduces the
step number while keeping the same performance in individual
intra-channel NLC [63].
The fundamentals of ﬁber nonlinear impairment are described
by the NLSE [58–62]. In our case, for the polarization multiplexed
WDM system, it is realized by solving the Manakov function as
[60–62]
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where Ex,y is the multi-channel optical ﬁeld of the X- or Y-polar-
ization signal, βi is the i-order dispersion, α is the ﬁber loss, γ is the
nonlinear parameter and z is the step ﬁber length. By using SSFM,
it is possible to compensate the linear ﬁber CD and nonlinear
impairment by backward solving the above-mentioned function
step by step by transferring between the time-domain and the
frequency-domain. The calculation of the linear and nonlinear
impairments is processed as follows: ﬁrst, the linear CD and ﬁber
loss for the z/2 ﬁber length are compensated in the frequencyafter 1000-km transmission with DSP.
Fig. 11. The principle of NLC based on constant and non-constant logarithmic step
size. The red-dashed curve shows the power distribution in the ﬁber span; the blue
arrows show the nonlinear operation in each step. Fig. 13. The BER performance versus ﬁber input power for different processing
schemes over a 1120-km transmission. Insets (i), (ii) and (iii) show the X-polar-
ization constellations at 4.23-dBm input power/channel under the processing of
joint-channel CDC only, SC-CS-DBP(4) and JC-LS-DBP(4), respectively.
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domain. Finally, the CD and loss of the other half step length z/2 is
compensated again in the frequency domain.
The constant and non-constant logarithmic step sizes for NLC are
shown in Fig. 11 as proposed in [63]. For the ﬁber length per span L
and the number of steps of DBP calculation per span N, the constant
step size z used is equal to each other as z(n)¼L/N. Therefore, the
performance of the NLC based on a constant step-size signiﬁcantly
depends on the step number for each ﬁber span. If we reduce the
number of DBP calculation steps per ﬁber span, we reduce the
computation complexity of the algorithm. However, the power in the
ﬁber is not a linear distribution due to the ﬁber attenuation. Stronger
nonlinear impairments exist since the power is larger at the propa-
gation beginning, and the power becomes much smaller at the end.
Smaller nonlinear impairments exist at the end of the ﬁber span and
therefore a larger step size can be used.
The principle of Nyquist WDM multi-channel signals and
multi-channel detection for Joint-Channel (JC) NLC is shown in
Figs. 12(a)–(c) [63]. The channel spacing is equal to the baud rate
with a high spectral efﬁciency in the NWDM system. It demon-
strates that, the inter-channel nonlinear impairments in the
NWDM system, such as XPM and FWM, are stronger than those in
larger spacing WDM systems. In order to compensate for the inter-
channel effects such as XPM and FWM, one broadband receiver
with multi-channel detection is required as shown in Fig. 12(d).
The block diagrams of the proposed multi-channel detection re-
ceiver and DSP with JC-NLC and CD Compensation (CDC) and
channel de-multiplexing/equalizations are also shown in Fig. 12
(d). After the JC-NLC and CDC, the signals are ﬁrst de-multiplexed
in the DSP and then processed by the regular recovery algorithms,Fig. 12. (a) The Nyquist WDM multi-channel signals; (b) the principle of multi-
channel detection for joint-channel NLC; (c) the principle of independent detection
with synchronized sampling of each sub-channel; and (d) the block diagrams of
proposed JC-NLC and CDC based on DBP method, channel DEMUX and following
equalizations.such as CMA, frequency offset estimation, and carrier phase re-
covery. A detailed joint channel and the modiﬁed logarithmic step
size distribution NLC are found in [63], where the results show a
large improvement using above the scheme in Fig. 12.
Fig. 13 contains the BER results of different processing schemes
after CDC and NLC. These results show the NLC performances of
different step sizes in the SC or JC cases. Different schemes are
investigated, such as single channel CDC only, joint-channel CDC
only, single channel NLC/CDC based on constant and logarithmic
step size DBP (SC-CS-DBP, SC-LS-DBP), and joint-channel NLC/CDC
based on constant and logarithmic step size DBP (JC-CS-DBP, JC-LS-
DBP). In order to investigate the NLC performances, we change the
input power from 3.23 dBm/channel to 6.23 dBm/channel as in the
study of [63]. Several conclusions can be made from these results.
First, the results show that the CDC-only schemes for both single-
channel and joint-channel cases have the worst BER performance
after transmission, due to the nonlinear impairments. Second,
there is limited BER performance improvement for the single-
channel NLC/CDC schemes based on CS-DBP or LS-DBP, due to the
large inter channel nonlinear impairment. As analyzed above, the
joint-channel NLC can process both intra-channel and cross-
channel nonlinear impairments, and therefore, JC-CS-DBP and JC-
LS-DBP show better performance compared with the SC schemes.
Finally, as expected, NLC schemes with logarithmic step size dis-
tribution show better performances compared with those with the
constant step size in both SC and JC cases. Insets (i), (ii) and (iii)
show the X-polarization constellations at 4.23-dBm input power/
channel under the processing of joint-channel CDC only, SC-CS-
DBP (with 4-steps) and JC-LS-DBP (with 4-steps), respectively. We
see an obvious constellation improvement under NLC by using JC-
LS-DBP. In this way, the JC-LS-DBP method shows the best per-
formances among all the NLC processing schemes.
3.2. Digital signal processing at the transmitter-side
With the development of high speed DACs, DAC has become a
promising method for signal generation. It has the advantages of a
simple conﬁguration and ﬂexible signal generation capability, and
has attracted a great deal of interest in recent years [63–70]. DAC
for signal generation also provides the ability of Software-Deﬁned
Optics (SDO) with arbitrary waveform generation. Therefore, it can
be used for signal modulation formats software switch [63–68]. In
addition, pre-compensation or pre-equalizations based on the DSP
at the transmitter side (Tx) further improves the system perfor-
mance [65–70]. CD was demonstrated in a 5120 km transmission
for a 10 Gb/s Differential Phase Shift Keying (DPSK) system with
pre-equalization in [71].
However, one of the biggest challenges of the DAC is the
bandwidth limitation. The 3-dB analog bandwidth of state-of-the-
Fig. 14. The principle of pre-equalization. AWG: arbitrary waveform generator, LPF:
low pass ﬁlter, EA: electrical ampliﬁer, WSS: wavelength selective switch, CW:
continuous wavelength, LO: local oscillator, ADC: analog-to-digital converter, I: in-
phase, Q: quadrature.
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means that the generated signals suffer the distortions caused by
the bandwidth limitation. Meanwhile, other opto-electronic de-
vices, such as the electrical drivers and modulators which work at
high baud rates, can further reduce the system bandwidth. The
system performance is seriously degraded by Inter-Symbol Inter-
ference (ISI), noise and inter-channel crosstalk enhancement due
to the cascaded bandwidth narrowing effect [66–70]. Pre-equal-
ization for the bandwidth-limitation impairments has been widely
investigated in recent optical communication systems [66–70]. A
43 Gb/s optical DQPSK signal is ﬁrst reported in [72] using DAC for
pre-equalization. In previous works [67–70], pre-equalization for
the linear bandwidth-limiting effects is reported by using zero-
forcing frequency domain method, in which the transfer function
of the DAC and other opto-electronic devices is obtained by cal-
culating the Fast Fourier Transform (FFT) of both the transmitted
and received training signal sequences.
Fig. 14 shows the principle of frequency domain pre-equaliza-
tion method proposed in our previous works [67,68]. In order to
obtain a better system transfer function, a Binary-Phase-Shift-
Keying (BPSK) signal is used, since the high-level signal suffers
much more uncontrolled nonlinear effects. As a result, we calcu-
late the transfer function of BPSK ﬁrst to obtain the transfer
function. Then it is used to pre-distort the high-level signal in the
AWG. One Continuous Wavelength (CW) lightwave is used as both
the signal source and the Local Oscillator (LO) source for self-(a)
Fig. 15. (a) The electrical spectrum for the N-WDM PDM 16-QAM signal with and witho
passing through 10-GHz WSS.homodyne coherent detection to avoid the frequency offset and
phase noise. One LPF is used before the BPSK signal generation, in
order to suppress out-of-band noise of the AWG. After self-
homodyne coherent detection, a real time scope is used to capture
the detected electrical signal, which is used to calculate the
transfer function of transmitter in the frequency domain. Once we
obtain the transfer function, it is then used to pre-equalize the
4-level signal. The pre-equalized 4-level signal is then used to
drive the IQ modulator, for the optical 16QAM modulation.
The electrical spectra for the 16 GBaud N-WDM PDM 16-QAM
signal with and without pre-equalization are shown in Fig. 15(a)
[67,68]. It shows that the high frequency components are en-
hanced after pre-equalization. The BER performance is shown in
Fig. 15(b) as a function of the Optical Signal-to-Noise Ratio (OSNR),
for four different cases. Four different cases are considered in these
results, including the N-WDM PDM-16QAM transmission and the
single-channel PDM-16QAM transmission, each with and without
pre-equalization. The results in Fig. 15(b) clearly shows better
performances for pre-equalization. There is about a 4-dB im-
provement for the pre-equalization compared with cases without
pre-equalizations.
However, from the perspective of system implementation, such
an approach may not be easily utilized in current the 100 G or
400 G systems since it requires an additional DSP block at the
receiver. Furthermore, to remove the ﬂuctuation caused by signal
and noise randomness, more than 100 measurements are required
to be carried out for averaging [67–70]. Also, strict time-domain
synchronization is also required, as mentioned in [67]. In addition,
to increase the measurement accuracy in the high frequency re-
gion, the spectrum of the De Bruijin binary PSK signal needs a
special process with pre-emphasized as reported in [69].
Alternatively, as reported in [73,74], a time-domain pre-equal-
ization method can be a good solution. In most bandwidth-limit-
ing systems, adaptive equalizers are used for ISI equalization at the
receiver side (post-equalization). Therefore, in a zero-ISI system,
the receiver-side linear adaptive equalizers are exactly the channel
inverse within the sampling rate of the equalization taps [73]. In
fact, this channel inverse can also be used for pre-equalization. The
linear equalizers used on the receiver side is a good tool for
channel estimation, which has been employed in digital Cable
Television (CATV) and wireless transmission systems for pre-
equalizations. Numerical results also show that the pre-equaliza-
tion outperforms post equalization-only in a bandwidth-limiting
system with narrowband ﬁltering impairments [74]. In an optical
coherent communication system, such as the Constant Modulus
Algorithm (CMA), Multi-Modulus Algorithm (MMA) or Decision(b)
ut pre-equalization. (b) The BER as a function of OSNR for four different cases after
Fig. 16. The principle of the proposed pre-equalization by leveraging the inverse
channel information given by the receiver-side adaptive equalizer.
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izers’ transfer function is naturally the inverse of the channel.
Therefore, one simply gets the inverse of the channel transfer
function for pre-equalization by using these post-equalization
schemes. Since the adaptive equalizers are blind to the data pat-
terns, different from the scheme used in [67–70], there is no need
to do data pattern alignment – only clock recovery is needed.
Compared to prior works, the proposed method requires no ad-
ditional DSP, no precise symbol alignment, and therefore it is
better for system implementations. Recently we have demon-
strated the improved performance for DAC generated signals using
this scheme [73]. A band-limited 480-Gb/s dual-carrier PDM-
8QAM transmission is also realized with signiﬁcant BER perfor-
mance improvements in [74].
The principle of the proposed pre-equalization by leveraging
the estimated inverse channel given by the receiver-side adaptive
equalizer is shown in Fig. 16 from [74], which includes two stages.
The ﬁrst stage is the channel estimation, where data X(t) without
pre-equalization is transmitted through the channel H(t). Such a
channel response H(t) represents an end-to-end transfer function
including the analog bandwidths of the DAC, the driver, the
modulator at the transmitters, and that of the photo-detector and
the Analog-to-Digital Convertor (ADC) at the receiver in a coherent
optical system. The second stage is pre-equalization based on the
channel inverse obtained from the ﬁrst stage.
The principle of channel estimation for the proposed DPEQ at
the transmitter optical coherent system is shown in Fig. 16 [74].
Channel estimation here is based on the linear pre-equalization
used on the receiver-side as blind and adaptive equalizers. For the
ﬁrst stage of channel estimation, mQAM data without pre-equal-
ization are used as training symbols. In real systems, the band-
width limitation impairment is mainly caused by the DAC, the
electrical drivers, the modulator, the receiver-side PDs and the
ADC. Therefore, only the single-polarization signal is used to avoid
the polarization crosstalk. Similar to that used in [67–70], one
CWECL is used as both the signal source and the Local Oscillator
(LO) for the self-homodyne coherent detection. In this case, the
post-equalization methods, e.g., CMA and DD-LMS, are actually the
channel equalizers for the bandwidth limitation impairment.
These equalizers can also be used for channel estimation. The
amplitude frequency response of these equalizers is the inverseFig. 17. The principle of channel estimation for thetransfer function of the channel. After convergence, these FIR ﬁl-
ters achieved a steady state. The time domain FIR for pre-equal-
ization can be regenerated after normalization and frequency
symmetrization.
As an example, Fig. 17 shows the results of channel estimation
and pre-equalization for a commercial DAC in our experiment. The
frequency response of 33-taps FIR ﬁlter Hxx in DD-LMS and the
regenerated FIR for DPEQ is shown in Fig. 18(a) and (b). It clearly
indicates the inverse transfer functions of the commercial 64-GSa/
s DAC. Using this scheme, the Back-to-Back (BTB) BER performance
versus the OSNR for single carrier 40-Gbaud PM-QPSK, PM-8QAM,
and PM-16QAM signal with and without pre-equalization are
shown in Fig. 19, respectively. 33-tap FIR ﬁlters are used here. The
results in Fig. 19 show that about 3.5 dB, 2.5 dB and 1.5 dB OSNR
improvement is obtained at the BER of 1103 by DPEQ based on
the DD-LMS method for the 40-Gbaud PM-QPSK/8QAM/16QAM
signals compared with those without pre-equalization, respec-
tively. The theoretical BER curves are plotted in these ﬁgures. The
BER results of the signals based on Frequency Domain Pre-equal-
ization (FD Pre-eq) method [74] are also plotted. The results of the
proposed DPEQ have similar performance compared with the
frequency domain method, since the channel estimation of both
schemes are obtained at very high OSNR conditions. Compared
with the theoretical performances, there are about 1.5-, 2.5- and
4.5-dB OSNR penalties for signals with pre-equalization compared
with the theoretical curves. Therefore, the pre-equalization is less
effective for the high modulation formats due to the high sensi-
tivity and nonlinear impairments caused by the electrical and
optical components.4. Spatial Division Multiplexing (SDM) multiplexing
The rapidly increasing data trafﬁc nowadays has aroused ur-
gent demand for higher spectrum efﬁciency and higher capacity in
optical communication systems. To further improve the system
capacity, researchers have proposed approaches concerning multi-
level modulation formats and various multiplexing techniques.
Except for those who widely use multiplexing techniques, in-
cluding WDM, PDM, TDM and other SDM methods, such as MDM,
multi-core ﬁber multiplexing and Laguerre-Gaussian (LG) beam
carrying OAM modes, are also considered as promising solutions
to further improve the capacity and spectral efﬁciency [25–37].
The property of OAM carried by a LG beamwas studied by Allen
[25] and then introduced to Free-Space Optical communication
(FSO) [26]. Since OAM has an inﬁnite number of orthogonal ei-
genstates, it can be utilized as an additional degree of freedom
(DOF) for modulation or multiplexing. OAM multiplexing provides
improved system capacity and spectral efﬁciency of optical sys-
tems, and many experiments utilizing OAM multiplexing based on
free-space optical (FSO) links have been reported [25–29]. More-
over, OAM multiplexing is transparent to modulation formats
while maintaining compatibility with other multiplexing techni-
ques [25–30].adaptive pre-equalization based on DD-LMS.
Fig. 18. The frequency response of (a) Hxx and (b) the regenerated FIR.
(a) (b) (c)
Fig. 19. The BTB BER results versus the OSNR with and without pre-equalization for (a) 40-GBaud PDM-QPSK, (b) 40-GBaud PDM-8QAM and (c) 40 GBaud PDM-16QAM
signals.
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which can be described by an azimuthal phase term exp (ilϕ). The
value l is known as the topological charge which stands for dif-
ferent orthogonal eigenstates corresponding to different OAM
modes and ϕ is the azimuthal phase. OAM is lh per photon where l
must be an integer (l¼0,71,72…). By employing reﬂective spa-
tial light modulator (SLM) with a pre-calculated hologram pattern,
the signal can be converted onto a speciﬁc OAM mode to realize
multiplexing or be converted back to the fundamental Gaussian
beam (l¼0) to realize demultiplexing. We use the hologram pat-
tern shown in Fig. 20(a) and (b) to generate and demultiplex the
two OAM modes. It is worth noting that the mirror imageFig. 20. SLM hologram pattern withrelationship was introduced by reﬂection results in the opposite
signs between the charge applied to SLM and the charge of OAM
actually converted. Beneﬁting from this interesting property, we
are able to generate opposite charge sign OAM mode by odd-time
mirror reﬂection without another SLM [26]. Either OAM mode is
demultiplexed just through changing the hologram pattern ap-
plied to SLM on receiver side. It is worth noting that multiplexing
OAM modes with opposite charge values are even unique because
the signal over these two modes exists at the same spatial location
which is different from SDM.
Due to the physical limits, i.e., the limitation of input optical
power and the resulting OSNR reduction, ﬁber nonlinearities,charge of (a) þ8 and (b) 8.
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lieved that the maximum capacity will be saturated at around
100 Tbit/s [31]. In order to further improve the capacity, SDM
based on multi-core ﬁbers (MCFs) is believed to be a promising
technique for overcoming such limits in SMF. In 2012, 305-Tb/s
transmission over 10.1 km using a 19-core SDM ﬁber based on
100-WDM PDM-QPSK signals was demonstrated [31].
The other important technique is mode multiplexing based on
different transmission modes in ﬁber link. In recent years, several
spectral efﬁciency records have been demonstrated for SDM
transmission over few-mode ﬁbers [32]. Due to the crosstalk be-
tween different modes, multiple-input multiple-output (MIMO)
based digital signal processing (DSP) is required for the mode
demultiplexing [32,33]. In 2013, 32 WDM channels over 12 spatial
and polarization modes of a 177 km few-mode ﬁber at a record
spectral efﬁciency of 32 bit/s/Hz were demonstrated, in which
1212 MIMO-DSP was used [32]. One of the biggest challenges
for MDM is the multi-mode optical ampliﬁer to support in-
dependent mode ampliﬁcation. Multi-mode EDFAs are also pro-
posed and demonstrated in recent years [33]. To use three-di-
mensional multiplexing, people have also demonstrated the
transmission of WDM in multi-core and multi-mode ﬁber, as re-
ported in [34,35], where 20WDM multi-carrier PDM-32QAM sig-
nals were transmitted over a 40-km 12-core3-mode ﬁber with
247.9-b/s/Hz spectrum efﬁciency. In 2015, 3030 MIMO was re-
ported using 15 modes [36] and 108 Spatial Channels were rea-
lized with 36 cores and 3 modes per core [37].5. Conclusions
We have reviewed the recent progress on high-speed optical
transmission with coherent detection based on DSPs. The trend for
bit rate per channel is from 100 G to 400 G and even higher. 100 G
per channel is widely deployed, and 400 G or 1 T is a hot research
topic. Using advanced DSPs can greatly improve the signal per-
formance and spectral efﬁciency, and reduce the time consump-
tion for signal procession. Using multi-core and multi-level mul-
tiplexing technologies can greatly increase the system capacity.References
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